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sidering	 spatial	 and	 temporal	 components	 is	 important	 for	 shaping	 network	
structure	of	populations.
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1  | INTRODUC TION
The	 relevance	 of	 interactions	 among	 organisms	 for	 community	
stability	 represents	 one	 of	 the	 pivotal	 issues	 in	 ecology	 (May,	
1972;	McCann,	 2000;	 Neutel,	 Heesterbeek,	 &	 de	 Ruiter,	 2002).	
To	summarize	interactions	among	species	that	are	often	complex	






to	 compare	 network	 patterns	 between	 different	 types	 of	 inter-
actions	 (e.g.,	mutualistic	or	antagonistic	 links)	 (Lewinsohn,	Prado,	
Jordano,	Bascompte,	&	Olesen,	2006;	Nuwagaba,	2015;	Thébault	
&	Fontaine,	2010),	to	comprehend	how	habitat	and	climate	change	
and	 species	 extinction	 affect	 network	 structure	 (Gilman,	 Urban,	
Tewksbury,	Gilchrist,	&	Holt,	2010;	Tylianakis,	Laliberté,	Nielsen,	
&	Bascompte,	2010;	Valiente-Banuet	et	 al.,	2015),	 and	 to	under-




nity-level	 enclosing	 many	 species	 (Pocock,	 Evans,	 &	 Memmott,	
2012;	 Wirta,	 Weingartner,	 Hambäck,	 &	 Roslin,	 2015).	 However,	
although	 studies	 recognize	 that	 individual	 variation	 is	 a	 relevant	
driver	 for	 intra-	 and	 interspecific	 competition	 and	 for	 the	 struc-
ture	 and	 dynamics	 of	 ecological	 networks	 (Bolnick	 et	 al.,	 2010;	




2010;	 Pires	 et	 al.,	 2011;	 Cantor	 et	 al.,	 2013;	 Lemos-Costa,	 Pires,	
Araújo,	Aguiar,	&	Guimarães,	2016).	 In	 fact,	 studies	have	 showed	
that	 generalist	 populations	 may	 be	 comprised	 by	 relatively	 spe-
















organized	 in	 distinct	 groups	 formed	 by	 individuals	 specialized	 on	
distinct	 sets	 of	 resources,	 generating	 a	modular	 network	 (Araújo	
et	 al.,	 2008;	 Pires	 et	 al.,	 2011).	 On	 the	 other	 hand,	 nestedness	
emerges	if	the	individuals	have	a	differentiated	degree	of	selectiv-
ity,	 in	which	 selective	 individuals	 feed	on	 subsets	 of	 the	 broader	
diet	 of	 the	 generalist	 individuals	 (Araújo	 et	 al.,	 2010;	 Pires	 et	 al.,	
2011).	Studies	investigating	the	structure	for	populations	of	differ-




preferences	 between	 individuals	 are	 the	 main	 factors	 explaining	
changes	in	individual-resource	networks	(Lemos-Costa	et	al.,	2016;	
Pires	et	al.,	2011).
Three	 different	 models	 were	 proposed	 to	 explain	 individual	
diet	 specialization	within	 populations	 (Svanbäck	&	Bolnick,	 2005).	
The	 “shared	 preference	model”	 states	 that,	 as	 individuals	 present	
identical	 rank	of	preferable	 food	 items,	 and	 these	populations	are	
composed	by	specialists	and	generalists,	new	resources	are	added	
in	a	predictable	order	producing	nestedness.	On	the	other	hand,	the	
“distinct	 preference	model”	 assumes	 that	 individuals	 differ	 in	 the	









Despite	 the	 advances	 on	 identifying	 the	 patterns	 of	 within-
population	 networks,	 the	 influence	 of	 abiotic	 and	 biotic	 factors	
in	 shaping	 network	 structure	 has	 remained	 largely	 unexplored,	
and	still	 represents	a	frontier	 for	the	comprehension	of	network	
dynamics	 (Bascompte	&	Jordano,	2007).	Environments	with	high	
within-year	 variation	 in	 resource	 availability	 and	 habitat	 struc-
ture	 are	 adequate	 for	 testing	 hypotheses	 related	 to	 the	 effects	
of	seasonal	changes	in	biotic	and	abiotic	factors	on	trophic	inter-
actions	within	populations.	This	is	the	case	of	the	highly	seasonal	




Oliveira,	 2011),	 as	 well	 as	 the	 microhabitat	 structure	 (e.g.,	 her-
baceous	and	canopy	cover)	due	to	the	expansion	and	the	retrac-
tion	 of	 the	 vegetation	 biomass	 (Schwieder	 et	 al.,	 2016).	 In	 this	
Neotropical	 savanna,	 several	mammal	 species	 present	 between-
season	differences	in	both	diet	and	space	use	(Camargo,	Ribeiro,	
Camargo,	 &	 Vieira,	 2014a,	 2014b;	 Hannibal	 &	 Caceres,	 2010;	
Lessa	&	da	Costa,	2010;	Ribeiro,	2011;	Vieira,	2003).	Therefore,	
the	Cerrado	systems	provide	valuable	opportunities	for	the	eval-
uation	 of	 how	 seasonal	 variation	 in	 resources	 availability	 and	
habitat	 structure	 affects	 patterns	 of	 within-population	 network	

















due	 to	 the	 high	 resource	 availability	 in	 this	 season	 (Araújo	 et	 al.,	
2010;	Cantor	et	al.,	2013).	This	is	expected	because	in	periods	with	
higher	 abundance	 and	 richness	 of	 fruits	 and	 arthropods	 (Gouveia	
&	 Felfili,	 1998;	 Pinheiro	 et	 al.,	 2002;	 Silva	 et	 al.,	 2011),	 there	 is	 a	




a	 positive	 relationship	 between	 nestedness	 and	 food	 resource	
availability.
Since	 modularity	 may	 increase	 with	 habitat	 complexity	
(Macfadyen,	 Gibson,	 Symondson,	 &	 Memmott,	 2011;	 Pimm	 &	
Lawton,	1980;	Rezende,	Albert,	Fortuna,	&	Bascompte,	2009),	we	





positive	 relationship	 between	 habitat	 structure	 related	 to	 vegeta-
tion	density	and	modularity	considering	the	four	distinct	populations	
studied	in	both	cool-dry	and	warm-wet	seasons.
2  | MATERIAL S AND METHODS
2.1 | Studied species
The	gracile	mouse	opossum	G. agilis	is	a	small	(20–30	g	of	body	mass),	
solitary,	 nocturnal	 and	 scansorial	 marsupial	 whose	 distribution	
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ranges	from	the	border	of	Panama	with	Colombia	to	the	Northeast,	
Midwest,	and	Southeast	of	Brazil	(Emmons	&	Feer,	1997).	Generally	
common	 in	 forest	 formations	 present	 in	 the	 Brazilian	 Cerrado	
(Nitikman	&	Mares,	1987),	this	marsupial	has	a	seasonal	pattern	of	
reproduction,	with	females	in	reproductive	condition	from	the	last	
month	of	 the	cool-dry	season	 to	 the	middle/end	of	 the	warm-wet	








with	 the	 later	 occurring	 between	 October	 and	 April,	 when	 90%	
of	 the	 annual	 precipitation	 of	 1,100–1,600	mm	 occurs	 (Miranda,	










Station	 of	 the	 Botanic	 Garden	 of	 Brasília	 (EEJBB	 in	 Portuguese;	
15°52′S,	47°50′W)	and	Fazenda	Água	Limpa,	the	ecological	and	agri-
cultural	field	station	of	the	University	of	Brasília	(FAL	in	Portuguese;	
15°58′S,	 47°59′W	 (Figure	 1).	 These	 two	 locations	 are	 part	 of	 the	
Area	of	Environmental	Protection	(APA)	Gama	e	Cabeça-de-Veado,	
which	covers	about	15,000	ha	of	continuous	Cerrado	vegetation.
2.3 | Capture procedures and identification of 
food items










banana,	 cod	 liver	 oil,	 and	 vanilla	 essence.	 Each	 captured	 individual	
received	a	numbered	ear-tag	(National	Band	and	Tag	Co.,	Newport,	
Kentucky,	USA,	Monel	tag,	size	1)	for	further	identifications.
We	 collected	 scats	 for	 diet	 evaluation	 from	 traps	 or	 during	







method	 for	 assessing	 the	 diet	 of	 Neotropical	 marsupials	 (Araújo	
et	al.,	2010;	e.g.,	Pires,	Martins,	Araujo,	&	Reis,	2013;	Camargo	et	




































in	 the	cool-dry,	number	of	 samples	 in	 the	warm-wet	 season):	FAL:	
61,	 76;	 EEJBB1:	 60,	 65;	 EEJBB2:	 57,	 68;	 EEJBB3:	 71,	 78).	 For	 the	
evaluation	of	habitat	structure,	each	capture	station	was	divided	into	
four	 quadrants	 and	 the	measurements	were	 taken:	 (a)	 understory	
obstruction	at	1.5	m	height,	which	was	estimated	using	a	polyvinyl	
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chloride	(PVC)	square	of	0.25	m2	(0.50	×	0.50	m)	divided	into	50	open	




(d)	 canopy	 connectivity	 (Freitas	 et	 al.,	 2002);	 (e)	 litter	 depth	 using	
a	measuring	tape;	(f)	diameter	at	breast	height	(dbh)	of	the	nearest	
tree	with	minimum	diameter	 of	 16	cm;	 (g)	 distance	 to	 the	 nearest	

















BINMATNEST	 from	 the	 function	 network	 level	 of	 the	 Bipartite	



















We	 also	 calculated	 the	 connectance	 of	 the	 studied	 networks,	
a	metric	 commonly	 used	 to	 characterize	 specialization	 in	 species-











with	n	 food	 items.	The	degree	distribution	 in	population-level	net-
works	would	indicate	whether,	in	general,	individuals	tend	to	inter-








to	be	 selected	or	not	be	 selected	at	 random.	We	built	1,000	 ran-
domized	matrices	and	tested	the	significance	of	the	observed	values	









2	 indicates	 that	 the	 correspondent	metric	 is	 significantly	 higher	
than	expected	by	chance	and	below	−2	 indicates	 that	 the	corre-
spondent	metric	is	significantly	lower	than	expected	by	chance.




dry	mass	 of	 each	 order.	 These	 two	metrics	were	 tested	 indepen-
dently	considering	 indexes	of	nestedness	and	modularity	obtained	
in	each	season	for	each	site	as	dependent	variables	in	linear	regres-
sions.	Thus,	we	were	able	 to	evaluate	whether	 there	 is	a	 relation-
ship	between	network	metrics	and	food	resources	availability.	We	
investigated	 the	 effect	 of	 fruit	 availability	 on	 the	 same	 network	
metrics	 in	 the	 same	way,	 using	 as	 independent	 variable	 the	 total	
amount	of	fruits	counted	in	each	season	in	each	site,	which	was	log-





SES= (Metricobs−MeanofMetricsim )∕ standard deviation ofMetricsim ,
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For	 evaluating	 the	 relationship	 between	 habitat	 structure	











Our	 study	 was	 based	 on	 the	 well-established	 marked	 seasonal	
differences	 in	 food	 resource	availability	and	habitat	 structure	 in	 the	
Cerrado	(e.g.,	Gouveia	&	Felfili,	1998;	Pinheiro	et	al.,	2002;	Schwieder	
et	al.,	2016)	in	order	to	obtain	data	with	enough	variation	for	detection	











ber	 of	 samples	 of	 the	 cool-dry	 season,	 number	 of	 samples	 of	 the	








three	 morphotypes	 of	 unidentified	 fruit	 fibers,	 and	 bird	 remains	
(feathers	 and	 bones)	 (for	more	 details	 see	Camargo	 et	 al.,	 2014a,	
2014b).	According	to	Chao1	estimator	of	richness,	we	detected	be-
tween	67%	and	100%	of	 the	 food	 items	 that	could	potentially	be	
consumed	by	G. agilis	 (Supporting	 Information	Figure	S4).	Our	 re-












In	 relation	 to	modularity,	 the	 observed	 patterns	 for	 the	 four	
sites	were	more	similar.	During	the	cool-dry	season,	Monte	Carlo	
procedures	 showed	 that	 modularity	 was	 always	 lower	 than	 ex-
pected	by	 chance.	During	 the	warm-wet	 season,	 however,	mod-
ularity	 did	 not	 differ	 from	 the	 expected	 by	 chance	 only	 in	 one	
site	 (EEJBB3),	where	observed	values	were	 lower	than	expected	
by	 chance	 (Figure	 2).	 These	 between-season	 differences	 were	























3.2 | Environmental variation and network metrics
In	 relation	 to	 resource	 availability	 and	 network	 metrics,	 both	 ar-
thropod	 diversity	 (Shannon	 diversity	 index)	 and	 fruit	 abundance	





Considering	 the	 habitat	 structure,	 the	 1st	 component	 of	 the	
PCA	explained	30.9%	of	the	variance	and	the	2nd	one	21.0%.	The	
first	 axis	 was	 loaded	 most	 heavily	 (absolute	 factor	 loading	 ≥0.5)	
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by	canopy	openness,	 canopy	connectivity,	 tree	diameter,	 and	 tree	




















ability	 of	 arthropods	 (diversity)	 and	 fruits	 (abundance)	 during	 the	










ability,	 our	 results	 revealed	 that	 this	 network	metric	 is	 associated	
with	habitat	structure.	Therefore,	these	results	suggest	that	spatial	









narrow	dietary	 niches	with	 those	of	 broad	dietary	 niches	 in	 the	
population.	 Previous	 studies	with	 neotropical	 didelphids	 (Araújo	
et	al.,	2010;	Cantor	et	al.,	2013)	suggest	that	nestedness	in	their	
individual-resource	 interaction	 networks	 followed	 the	 “shared	
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preference	model”	(Svanbäck	&	Bolnick,	2005),	which	states	that	
individuals	 present	 identical	 rank	 of	 preferable	 food	 items,	 and	
new	resources	are	added	in	a	predictable	order	by	specialists	and	
generalists	individuals.	For	the	marsupial	Didelphis albiventris	in	a	
Neotropical	 forest,	 network	 nestedness	 emerges	 during	 warm-
wet	season	 (when	the	network	 is	more	nested	than	expected	by	
chance)	 but	 not	 during	 the	 cool-dry	 season.	 These	 results	 sug-
gest	that	nestedness	structure	is	broken	in	 low-resource	periods	
(cool-dry	 season),	 when	 the	 similarity	 of	 resource	 use	 increases	











al.,	 2004)	 and	 increasing	 vertical	 segregation	 among	 individuals.	
Indeed,	we	 found	 a	 general	 pattern	 of	 less	 use	 of	 the	 understory	
by	G. agilis	in	the	site	with	thin	and	closer	trees	(EJBB1;	Supporting	
Information	Figures	S1,	S6	and	Table	S3).	Nestedness	in	more	struc-












nestedness,	 especially	 considering	 within-population	 networks.	
Tests	 directly	 relating	 the	 role	 of	 spatio-temporal	 components	 on	






ity,	 temperature,	 and	 precipitation)	 increases	 nestedness,	 playing	
a	 larger	 role	 in	 comparison	 to	 evolutionary	 constraints	 (Robinson,	
Hauzy,	Loeuille,	&	Albrectsen,	2015;	Thompson,	Adam,	Hultgren,	&	
Thacker,	2013).





than	 expected	 by	 chance	 during	 the	 cool-dry	 season,	 when	 mean	
SES	was	negative	and	>7	times	higher	than	in	the	warm-wet	season.	
Differently	 than	 our	 initial	 expectation	 on	 a	 relationship	 between	
modularity	 and	habitat	 structure,	 our	 results	 showed	 that	 this	 net-
work	metric	was	associated	with	food	resource	availability	(diversity	
arthropods	and	fruit	abundance),	which	tended	to	be	lower	during	the	
cool-dry	 season	 in	 all	 sites	 (Supporting	 Information	Figures	 S2	 and	
S3),	explaining	the	general	pattern	of	low	modularity	in	this	season.
We	detected	a	lack	of	association	between	arthropod	dry	mass	
and	modularity,	which	suggests	 that	 the	overall	abundance	of	 this	
type	of	food	resource	is	not	the	preponderant	factor	that	shapes	the	
















season	 to	 the	 middle/end	 of	 warm-wet	 season;	 Martins,	 Bonato,	
Da-Silva,	 et	 al.,	 2006).	 Indeed,	 the	 studied	 populations	 increase	
from	 87%	 to	 120%	 (unpubl.	 data)	 during	 the	 warm-wet	 season.	
Therefore,	 differently	 from	 the	 “shared	 preference	 model”	 sug-
gested	 for	 Neotropical	 didelphids	 (Araújo	 et	 al.,	 2010;	 Cantor	 et	
al.,	2013),	we	propose	that	our	results	regarding	modularity	follow	
























ture	 (mainly	 tree	 diameter	 and	 distance	 between	 trees),	 whereas	
modularity	 is	 related	 to	 food	 resources	 availability	 (arthropod	 di-







source	 availability.	 Our	 study	 also	 suggests	 that,	 differently	 from	




the	 potentially	 role	 of	 environment	 components	 variation	 to	 indi-
vidual-based	network	changes.
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